1. Introduction {#s0005}
===============

Major depressive disorder (MDD) and post-traumatic stress disorder (PTSD) are both associated with similar deficits in functional connectivity ([@bb0045], [@bb0055], [@bb0075], [@bb0120], [@bb0135], [@bb0145], [@bb0180]) and respond to treatment with cognitive behavioral therapy (CBT). Despite some controversy, the current literature also suggests that CBT is as efficacious as antidepressant medication for the treatment of MDD but with more enduring effects ([@bb0110], [@bb0150], [@bb0255]). In studies of PTSD, significant empirical support has been demonstrated across sites and within a variety of trauma types for cognitive processing therapy (CPT), a variant of CBT that specifically addresses PTSD ([@bb0050], [@bb0200]). In a study of CPT treatment of rape-related PTSD, CPT demonstrated a significant therapeutic benefit compared with wait-list controls, and these effects remained stable with only 8% of patients meeting criteria for PTSD at a six-month follow-up assessment ([@bb0195], [@bb0190]).

The current literature implicates functional hypoconnectivity of the fronto-parietal network in patients with both MDD and PTSD compared to healthy control subjects. While CBT has demonstrated considerable efficacy in both MDD and PTSD, it remains unclear how therapeutic changes are encoded within the brain\'s functional networks. Furthermore, it is unknown whether the neural mechanisms of treatment response are similar in different clinical conditions, resulting in normalization of fronto-parietal hypoconnectivity across these disorders. In the present study, we examined CBT/CPT effects on dimensional MDD and PTSD-associated functional connectivity in a sample of unmedicated patients. Using a fully-exploratory approach, we have previously reported decreased amygdala connectivity with cognitive control regions, including the dorsolateral prefrontal cortex (DLPFC) and inferior frontal gyrus (IFG), in association with depression severity across MDD and PTSD ([@bb0210]). Accordingly, we hypothesized that the reduction in amygdalo-frontal connectivity seen in both MDD and PTSD would show a common pattern of normalization in response to effective CBT. To examine this hypothesis, we used a recently developed multivariate analysis technique (longitudinal functional principal components analysis; LFPCA) ([@bb0095], [@bb0215]) that is specifically well suited for the analysis of high-dimensional imaging data acquired longitudinally over time. As described below, we found evidence for resolution of amygdalo-frontal dysconnectivity across both MDD and PTSD following treatment with CBT.

2. Materials and methods {#s0010}
========================

2.1. Participants and clinical assessment {#s0015}
-----------------------------------------

An initial group of 120 patients including 57 with major depressive disorder (MDD) and 63 with post-traumatic stress disorder (PTSD) were recruited. Patients met inclusion and exclusion criteria based on a structured diagnostic interview (DSM-IV-TR criteria using the SCID ([@bb0065]) and the CAPS-IV ([@bb0065], [@bb0035])), and were scanned at baseline. Participants were excluded from the study due to 1) co-morbid neurological disorders; 2) current alcohol or substance use disorder; 3) history of psychotic disorder, bipolar disorder, or obsessive-compulsive disorder; 4) current suicide risk; 5) recent treatment with *any* psychotropic or CNS-active drug. Specifically, subjects were required not to have been treated with any psychotropic medication for at least three weeks (five weeks for fluoxetine).

From these, a subset of 65 patients (27 MDD and 38 PTSD) volunteered for a treatment study with CBT yielding a post-treatment sample of 39 (18 MDD and 21 PTSD) who completed treatment and had imaging scans available after 12 weeks of CBT. The final sample included for analysis in this paper, following exclusion criteria for poor image quality (high motion; e.g., mean relative displacement \> 0.25 mm) and incomplete data, was comprised of 53 unmedicated participants. These participants were from three groups: 17 patients with MDD, 18 patients with PTSD, and 18 demographically matched HC). Demographic details are provided in [Table 1](#t0005){ref-type="table"}.Table 1Demographics and clinical scores of the study participants by diagnostic groups. MDD and PTSD groups demonstrate improvement in symptom scores after CBT treatment. MDRS T1 represents MDRS scores at the baseline visit and ∆ MDRS was calculated as the change in MDRS between 12 weeks and baseline. Same notations apply to MASQ and PDS scores.Table 1OverallHCMDDPTSD*P* valuesN (%)53 (100%)18 (34%)17 (32%)18 (34%)Age (SD)31.47 (9.21)31.05 (10.32)31.88 (6.61)31.50 (10.57)0.97MDRS T116.50 (12.54)1.67 (2.23)28.41 (6.12)15.06 (9.13)\< 0.001∆ MDRS− 12.34 (11.85)− 0.71 (3.04)− 20.53 (11.05)− 8.94 (9.11)\< 0.001MASQ-AA T128.24 (10.14)20.07 (3.83)34.07 (10.66)30.81 (9.17)\< 0.001∆ MASQ-AA− 6.25 (10.33)− 1.40 (4.27)− 9.79 (13.46)− 6.17 (8.56)0.15PDS T117.47 (13.06)6.50 (7.46)18.92 (13.81)21.88 (12.07)0.02∆ PDS− 8.76 (10.62)0.86 (1.86)− 10.00 (10.23)− 13.21 (10.52)0.009

Depression severity was assessed by a trained clinician using the Montgomery Asberg Depression Rating Scale (MADRS) ([@bb0160]). In addition, anxiety severity was assessed using the Mood and Anxiety Symptom Questionnaire (MASQ) Watson et al., ([@bb0245], [@bb0250]) and PTSD severity was assessed using the PTSD Diagnostic Scale (PDS) ([@bb0070]). All participants were right-handed, English-speaking, and aged 18--55. All participants provided written informed consent; the Human Subjects Committees of both Washington University and the University of Missouri-St. Louis approved all study procedures.

2.2. Treatment {#s0020}
--------------

*CBT*: Patients with PTSD or MDD enrolled in the study received manualized individual outpatient CBT sessions weekly over a 12-week period by an expert clinical psychologist (SEB). For MDD patients, the intervention was guided by a standard treatment manual, "Cognitive Therapy of Depression" (CT) ([@bb0030]), which presents the cognitive model of depression and has been used in most recent outcome studies of CBT for depression ([@bb0170], [@bb0175], [@bb0005]).

PTSD patients received Cognitive Processing Therapy (CPT), which has been shown to be an effective cognitive behavioral therapy that significantly reduces symptoms associated with PTSD ([@bb0050], [@bb0200]). Both CPT and CBT target faulty cognitions/schemata and emotion regulation, while CPT also assists in processing emotion-laden memories via written exposure.

2.3. Image acquisition and processing {#s0025}
-------------------------------------

All subjects were imaged on the same scanner (Siemens 3T Trio) using the same acquisition protocol. High-resolution structural images were acquired using a T1-weighted MPRAGE sequence: TR 2400 ms, TE 3.13 ms, TI 1000 ms, flip angle 8°, slice thickness/gap 1 mm/0 mm, effective voxel resolution 1.0 mm^3^. Resting-state gradient spin-echo functional images were acquired in two series of 210 volumes (7:42 duration each) using the following parameters: TR 2200 ms, TE 27 ms, flip angle 90°, slice thickness/gap 4 mm/0 mm, effective voxel resolution 4.0 mm^3^. T1 images were processed as previously described to register and segment the images ([@bb0210]). In order to avoid registration bias and maximize sensitivity to detect regional effects that can be impacted by registration error, a custom template was created with ANTs ([@bb0015]); T1 images were normalized to this population-specific template space using the top-performing SyN diffeomorphic registration method implemented in ANTs ([@bb0130]). Structural images were then processed with 'antsCorticalThickness' ([@bb0240]), which uses the custom template to guide brain extraction, N4 bias correction ([@bb0235]), and Atropos probabilistic tissue segmentation ([@bb0020]).

Resting-state timeseries data were processed using a validated confound regression procedure that has been optimized to reduce the influence of subject motion ([@bb0205]). After the first 4 volumes of the functional timeseries were removed to allow signal stabilization, functional images were re-aligned using MCFLIRT ([@bb0115]), and smoothed with a Gaussian filter at 6 mm FWHM. Confound regression included 9 confounding signals (6 motion parameters + global/WM/CSF) as well as the temporal derivative, quadratic term, and temporal derivative of the quadratic of each (36 regressors total) ([@bb0205]). Finally, timeseries were band-pass filtered to retain frequencies between 0.01 and 0.08 Hz; all motion parameters and confound timecourses were band-pass filtered in an identical fashion as the timeseries data itself in order to prevent frequency mismatch ([@bb0100]). Functional images were co-registered to the T1 image using boundary-based registration ([@bb0090]) and aligned to template space ([@bb0210]). Throughout, all transformations were concatenated so that only one interpolation was performed.

Subject-specific amygdala segmentations were created using multi-atlas label fusion (MALF) that were in turn used for seed-based connectivity analyses. Manually labeled amygdalas from 30 images were registered to each participant\'s T1 image using ANTs. The derived subject-specific amygdala segmentation was then projected into native fMRI space and used to extract the average amygdala timecourse, which was in turn used to generate a seed connectivity map. For more details see ([@bb0210]).

2.4. Statistical analysis {#s0030}
-------------------------

We restricted the analyses to amygdala connectivity with the fronto-parietal network based on our prior work implicating its importance in MDD and PTSD ([@bb0210]). To identify possible regions of CBT treatment effects, we compared the changes between the two time points for amygdala connectivity between patients (both MDD and PTSD) and HCs using dimension reduction approaches. Specifically, we modeled connectivity maps from the two time points using longitudinal functional principal component analysis ([@bb0095], [@bb0215]) that identified lower-dimensional patterns while accounting for within-subject correlations simultaneously. The treatment effects could be estimated as a time effect among patients. Hence, it is equivalent to conduct a principal component analysis on the set of difference connectivity maps (Time 2-Time 1). In particular, the steps for our analysis are shown in [Fig. 1](#f0005){ref-type="fig"} and detailed below:(1)For each participant, we computed the functional connectivity maps (Fisher *Z*-transformed Spearman\'s correlation coefficients) separately for unilateral left- and right- amygdala at baseline (Time 1) and after treatment (Time 2); A difference map of amygdala functional connectivity was then computed (Time 2 − Time 1);(2)Each within-network difference map was rearranged into a vector of connectivity values and then stacked into a matrix across the 35 patients (MDD + PTSD). The singular value decomposition (SVD) was then applied to the matrix and a set of reduced dimensional features was extracted to summarize the complex patterns of amygdala-frontal connectivity change over time in response to treatment. The SVD on the difference maps generated a sequence of population eigenimages (principal components) and subject-specific projections (principal scores) on each eigenimage. The resulting eigenimages can be mapped back to the 3D brain template with loadings on each voxel representing the relative contributions to an overall connectivity pattern that explain most of the variability in the difference maps across subjects. It allows us to identify the regions that change most over time among the diagnostic groups.(3)Principal components selection was based on the screen plot, where an inflection point in the slope appeared after the 4th PC, suggesting that the first 4 components were separable in their importance from the rest of the PCs. Thus, our analyses were focused on the first 4 PCs, which explained 20% of the variance.(4)For each patient and control, a principal score was computed for each of these 4 PCs by projecting the difference map computed in step 1 onto a given PC. The principal score reflects the amount of longitudinal change in functional connectivity for each subject that can be explained by a particular PC.(5)For each of the 4 selected PCs, we performed linear regression comparing the corresponding principal scores between the patient (MDD and PTSD combined) and HC group, adjusting for potential confounding factors including age, gender and in-scanner head motion. The components with principal scores showing significantly differential distributions (under Bonferroni correction for multiple comparisons of the 4 PCs) between patients and HC are identified as the lower dimensional features that reflect the longitudinal treatment effect among patients. Post-hoc tests of the identified PC scores between individual diagnostic groups (MDD vs. HC and PTSD vs. HC) were also conducted separately using linear regressions.Fig. 1Procedures for Longitudinal Functional Principal Components Analysis (LFPCA). (A) For the set of 53 participants included in the analysis, calculate the difference maps of amygdala functional connectivity (**Δ** Amygdala FC) between time 2 and time 1 for each individual, within the fronto-parietal network as defined by Yeo et al. ([@bb0260]). (B) Aggregate the data across all patients (18 MDD and 17 PTSD) and conduct singular value decomposition (SVD) within the fronto-parietal network. (C) Obtain the eigenimages in the Yeo fronto-parietal network template where the value of each voxel represents the loadings of the principal components (PC) within the fronto-parietal network. The color maps indicate the relative loadings that contribute to the corresponding principal component, with red for positive loadings and blue for negative loadings. Colors are based on the actual PCA results. Voxels with higher absolute values are regions that most reflect the longitudinal changes in amygdala connectivity. (D) Project each amygdala connectivity difference map (including patients and controls) onto the identified eigenimage and obtain a principal score for each subject and each eigenimage. (E) Perform statistical testing on the principal scores to identify the PC that best differentiates patients from healthy controls.Fig. 1

To confirm the LFPCA findings of group differences, we implemented traditional whole brain voxel-wise analyses via linear mixed effects models comparing the changes of amygdala connectivity before and after CBT in patients. Covariates including age, sex and motion were adjusted in the mixed effects regression. Results were corrected within the study specific grey matter mask using cluster correction via Gaussian Random Field theory ([@bb0265]): z \> 2.33, *p* \< 0.05. For regions identified, we followed up with linear regressions adjusting for age, sex and motion for compared the baseline average connectivity between patients and controls by using the baseline scans to fully understand the mechanistic changes in the connectivity of the ROI.

3. Results {#s0035}
==========

3.1. CBT-induced changes in amygdala intrinsic functional connectivity with the fronto-parietal network {#s0040}
-------------------------------------------------------------------------------------------------------

The first four eigenimages derived from the patients\' difference connectivity maps via LFPCA together explain 20% of the total variance in the data. Among the corresponding four sets of principal scores obtained as in step (4) of the LFPCA method, scores from the second PC showed a significant differential distributions (under Bonferroni correction for multiple comparisons of the 4 PCs) between patients and HC. Hence, we focused on the spatial pattern of the second eigenimage. The voxels with the highest loadings (shown in red in [Fig. 2](#f0010){ref-type="fig"}A) were located in IFG ([@bb0260]). A test comparing the second principal scores indicated a significantly larger increase in connectivity between the right amygdala and fronto-parietal network (a more positive principal score) for CBT-treated (combining MDD and PTSD) participants than for controls ([Fig. 2](#f0010){ref-type="fig"}B: *p* = 0.004). No significant results were observed for the CBT-induced left amygdala functional connectivity changes in patients. The post-hoc tests between individual diagnostic groups (MDD vs. HC and PTSD vs. HC) showed that both MDD and PTSD demonstrated increased amygdala connectivity within the identified IFG regions after CBT, although MDD had a larger effect size (*p* = 0.009) than PTSD (*p* = 0.012) with HC being the reference group. The findings remained consistent even with smaller numbers of patients as compared to the results from the combined patients comparison. The details are shown in Supplement Fig. S.1.Fig. 2CBT is associated with increased functional connectivity between the amygdala and fronto-parietal cortex in across MDD and PTSD. (A) The top 10% highest loading voxels of the second eigenimage (in red) were superimposed on the fronto-parietal network (blue background) and displayed on a surface map (left) and a slice view (right), MNI coordinates x,y,z = 53.70,50; (B) Bar plots of the average principal scores of the second eigenimage for all patients (combining MDD and PTSD: light blue bar) and healthy controls (HC: yellow bar).Fig. 2

3.2. CBT normalizing the baseline connectivity differences between groups {#s0045}
-------------------------------------------------------------------------

As a final step, we validated the findings from LFPCA using traditional whole brain voxel-wise regression among patients. Z maps from a linear mixed effects model comparing pre- and post-treatment connectivity after adjusting for age, sex and motion at the two time points indicated an average increased connectivity in the IFG (Z = 2.33, *p* \< 0.05) within the fronto-parietal network after treatment. Within the identified IFG region, we compared the average connectivity between HC and patients at baseline and at the second time points 12 weeks later, using linear regression adjusting for age, gender and motion. Results indicated that at baseline, patients had deficient connectivity within the identified region compared with HC (*p*-value 0.039), and that no difference was found after 12 weeks (*p*-value 0.15) ([Fig. 3](#f0015){ref-type="fig"}).Fig. 3A region in IFG showed a significant increase in connectivity with amygdala using whole brain voxel-wise regression. (A) Spatial map on the same axial slice as in [Fig. 2](#f0010){ref-type="fig"}A demonstrating the voxel-wise determined ROI in IFG (bright green) with significant increase in connectivity after treatment. The ROI is overlaid on top of the regions with the highest 10% PC 2 scores (in red) as in [Fig. 2](#f0010){ref-type="fig"}A. The blue background again indicates the pre-selected fronto-parietal network based on Yeo\'s 7 network template; (B) Bar plot showing the distribution of the average connectivity of the identified IFG ROI (green in A) for HC and patients at two time points.Fig. 3

Such findings confirm our hypothesis that CBT normalized the baseline deficient amygdala FC within the IFG region among patients. The average T1 and T2 connectivity levels within the green ROI for MDD and PTSD separately are shown in Supplement Fig. S.2. Results show similarly directions of group differences and treatment effects for both MDD and PTSD as compared to HC separately.

4. Discussion {#s0050}
=============

In the present study, CBT effects on depression in MDD- and PTSD-associated functional connectivity were examined in unmedicated patients with a primary diagnosis of either MDD or PTSD. We focused on a priori amygdala connectivity with the fronto-parietal network based on previous work showing reduced resting-state connectivity of the amygdala with the DLPFC and IFG ([@bb0210]) in order to determine the effect of CBT on dysconnectivity. Here we found that this pattern of dysconnectivity was normalized in response to CBT across MDD and PTSD using recently developed multivariate techniques (LFPCA).

In previous studies of MDD, resting-state hypoconnectivity between the amygdala and regions involved in affective processing is a commonly-reported characteristic of the disorder ([@bb0060], [@bb0125]). The present literature is mixed, however, regarding the role of CBT in effecting connectivity changes in MDD ([@bb0080]). An early study of resting-state metabolic activity with PET scanning in MDD patients associated CBT response with *decreases* in glucose metabolic activity of several prefrontal areas, including the DLPFC ([@bb0085]). More recent meta-analyses, however, implicated the DLPFC as an area showing reduced functional connectivity in MDD ([@bb0165]) and one of the main areas to show increases in functional activity following psychotherapy ([@bb0185]). Similarly, hypoconnectivity of the IFG with amygdala also predicted responsiveness to treatment by differentiating CBT responders from non-responders ([@bb0055]). Divergent findings may be due to heterogeneity among MDD subtypes ([@bb0060]).

Studies in PTSD have highlighted several instances of hypoactivation in prefrontal circuitry, including fronto-parietal regions such as the DLPFC and IFG ([@bb0105], [@bb0140]). Furthermore, hypoactivation of the DLPFC during cognitive control tasks has been related to increased severity of PTSD symptoms ([@bb0010]). In conjunction with this finding, a recent meta-analysis assessing treatment changes in PTSD highlighted increases in DLPFC activity following psychotherapy across a number of studies ([@bb0230]), indicating that aberrant DLPFC activity normalizes with treatment. Using a network approach, prior work has implicated fronto-parietal network hypoconnectivity in PTSD, with patients exhibiting decreased connectivity between the basolateral amygdala and the IFG ([@bb0045]). Thus, converging evidence suggests that CBT generates meaningful changes in brain activity by increasing the capacity for "top-down" emotion regulation ([@bb0080], [@bb0040]), and recruitment of the fronto-parietal network may be especially crucial to this process.

An important function of the prefrontal cortex (PFC) is to exert cognitive control, representing and maintaining context for responding and achieving goals, which in turn biases processing in associated areas to support task appropriate responding ([@bb0155]). Cognitive dysfunction in neuropsychiatric disorders can be conceptualized as reflecting deficits in these processes ([@bb0220]), consistent with reproducible findings of reduced attention, concentration and executive function ([@bb0225], [@bb0025]). Prior literature on CBT has highlighted a descriptive role for functional network connectivity in characterizing symptoms and likelihood of recovery. Our results expand upon these findings by demonstrating a network-based mechanism for recovery with CBT. In particular, the current imaging study, conducted before and after CBT treatment, implicates changes in dysfunctional cognitive control network connectivity as an important mechanism for CBT efficacy across both MDD and PTSD.

One caveat in the study is that MDD and PTSD patients underwent slightly different therapies. As part of CPT, PTSD subjects had an element of exposure to the prior trauma, through written trauma accounts, in addition to exercises emphasizing reframing and refocusing, elements common to both CBT and CPT. Considering that baseline fronto-parietal network hypoconnectivity is a common neural underpinning for both MDD and PTSD, however, the present findings serve to elucidate important similarities between the disorders before, during, and after recovery. These commonalities may be representative of a shared neural basis for recovery that operates through the primary focus of the treatment regimen on enhancing cognitive control. Other caveats include the restriction of CBT-induced amygdala connectivity changes to the *a priori* determined fronto-parietal network, the relatively small sample size and the majority of the participants were female since the PTSD patients were survivors of interpersonal violence. Thus future studies are needed to determine the generalizability of these findings.

In summary, an important aspect of this study was the novel method for examining longitudinal change in functional connectivity. Our principal component based analysis, LFPCA, as compared to the conventional voxel-wise approach, reduced the number of tests to be conducted and automatically identified the important latent patterns of connectivity changes that differed between patients and controls. The network-based approach focused on a widely-used parcellation template ([@bb0260]). We restricted analysis to the fronto-parietal cognitive control network given our a priori hypotheses and limited sample size. Further, the validity and specificity was justified using a subsequent whole brain search. Despite the similarity in the identified regions between LFPCA and voxel-wise analysis, the voxel-wise GLM after multiple comparison adjustment produced more conservative results with fewer voxels showing treatment effects compared with LFPCA, since the latter identifies global patterns within the network of interest. Therefore LFPCA both draws strength across measurements and alleviates the need for overly conservative multiple testing adjustments to maintain the same confidence level. Thus, LFPCA may be a more powerful method for detecting longitudinal change; however this possibility awaits replication.
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